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ABSTRACT 


The objective of this thesis was two fold; first was the desire 
to extend previous laboratory work and to evaluate the ability to 
fabricate 2cceptable undervater welded HY-60 steel joints, under 
working comitions, within the guidelines of the United States Navy 
governing undervater welding operations, and secondly was the desire 
to investisate the eccurance of the hydrogen embrittlement phenomena 
in the undervater welded HY-30O steel joints. 


A series of working dives, under working conditions, within the 
guidelines of the United States Navy governing underwater welding 
operations, were conducted by the author, These dives simulated the 
welded repair of a crack in an underwater bedy, in accordance with 
the Underwater Cutting and Welding Manval, Navships 0929=000-86010, 





The results of the microscopic investigation, microhariness tests, 
and mechanical bend tests have indicated a capability to fabricate 
acceptable underwater welded HY-S0 steel joints, under trorking conditions, 
Within the guidelines of the United States Navy governing underwater 
welding operations, which do not surfer from the hydrogen embrittlanent 
phenomena, This espability is found to exist fer water environnent 
temperatures of 25°C (797°R) and below, providing the water is clicar 
and the welder-<iiver is able to use the multi-pass welding technique. 


Furthor study is needed to determine the contribution of the 
thermal stresses, occuring during the underwater welding process, to 

the mechanical characteristics of the cracking of the underwater welded 
HY-80 steel joint, In adaition, a study should be conducted to determine 
the possible effect on the hydrogen embrittlonent phenonena, as a 

result of the application of a nethod cf vreheat and interpuss heat 

to overcons the effects of the therral stresses, 





This thesis is presented in five parts in en effort to facilitate 
the needs of the readers, in addition to the parts expleining the 
experimental results, the findings of the author, and the references 
used by the author, are parts which provide extensive introductory 
background inforration and appendixes of detailed particulars. It 
is the hope of the author that this will provide completeness which 


will benefit the reader, 


Thesis Supervisors Professor Koichi Masubuchi 
Titles Professor of Ocean Engineering 
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INTRODUCTORY BACKGROUND INFORMATION 
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CHAPTER 1 


HYDROGEN ~- METAL RELATIONSHIP 


14 
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GENERAL 


Hydrogen gas in contact wlth a metal mey interact with the 
metal in one of three manners, 
1, The hydrogen ges may condense on the metal surface forming 
a one to two molecule thick leyers adsorption. 
2. The hydrogen gas may enter into solution within the 
interior of the metal: absorption or occiusion., | 
3. Oceluded gas may diffuse through the interior of the metal. 
The term “sorption” is used to refer to @ duplex condition in which 
the hydrogen gas may be present in both ths adsorbed and absorbed 


states, 


For the hydrogen to be able to diffuse through the metal it 
cannot be in molecuiar forn, but must be in atomic forn. This 
condition is due to the fact that the tendency of hydrogen to diffuse 
through the metal is associated with its ebility to combine with 
the metal and is appreciable in metals in which the soluability 


of the hydrogen is high. 


Of the four possible types of reaction that can occur when 
hydrogen is in contact with metal, steel forms a true solid solution 
with the hydrogen, This is indicated by the facts that 

1. The hydrogen soluability varies as the square-root of the 


pressure, (Sievert's Law) 
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2. the soluability increases as the temperature increases, 


For this reason, steel is Imown as an endothermic occluder. 
ADSORPTION 


The first process to occur when hydrogen is in contact with 
steel is the adsorption of a layer of the gas on the surface of the 
metal, The amount of hydrogen that is adsorbed by 2 unit surface 
area of the steel is proportional to the pressure at any given 
temperature, There are three ways in which the adsorption phenomena 
is usually represented : 

1. Adsorption isotherm; a plot of the amount of hydrogen 

adsorbed versus pressure, at constant temperature. 

2. isotere; a plot of the variation of equilibrium pressure 

vith temperature, for a given quantity of adsorbed hydrogen, 

3. Isobar; a plot of the variation of the amount of gas 

_aedsorbed versus temperature, at constant pressure. 
: The bonding characteristics of the atoms which form the 
surface layer of the metal are unsaturated because of the 
assynetrical condition of their geometry. As a result, when the 
molecules of hydrogen lenis upon the surface of the metal they 
tend to condense, and are held in position by the unsaturated field 


force of the atoms which form the surface layer of the steel, 
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In the case of hydrogen, a diatomic gas, the adsorption forces 
act on the individual atoms of the hydrogen molecule, Hence as the 
condensing molecules of hydrogen cover the surface of the metal with 
an adsorption film, each of ene étoms is held individually and the 
molecule will lose its identity, Although it is necessary for two 
adjacent adsorption sites on the surface of the metal to be vacant 
for adsorption to occur, it is a matter of statistical chance 
whether an evaporating molecule will contain the same two atoms 
which condensed as a molecule, or whether such a molecule will 
contain two atoms from adjacent adsorption Sites, which condensed 


fron two different molecules, 


The steady-state adsorption film of hydrogen on the surface of 
steel is the net result of two opposing factors: 
1. The condensation of hydrogen on the surface of the metal 
in order to saturate the bonding characteristics of the 


metal surface, 


2, ‘The evaporation of the gas from the surface of the metal in 


equilibrium with the external pressure, 


In the case of some of the atoms which comprise the alloying 
elements of steel, the amount of hydrogen that is adsorbed on the 
surface of the metal decreases as the temperature increases, This 


type of adsorption is usually referred to as “physical adsorption", 
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However, in the case of some of the atoms which comprise the 
alloying elements of steel, the amount of hydrogen that is adsorbed 
on the surface of the metal is more complex. It has been observed 
that as the temperature increases the adsorption will decrease to a 
minimum value, and then increase as the temperature increases further, 
This rise in adsorption will continue to a maximum value and then 


decreazse as the temperature continues to increase. 


This type of adsorption is usually refered to a chemi-adsorption 
and is dependent upon the chemical attraction between the metal 


surface and the hydrogen, 


rnysical adsorption is a fully reversible phenomena with respect 
to pressure and temperature. However, chemi-adsorption is not fully 


reversible, particularly with respect to temperature, 


 ENDOTHERMIC OCCLUSION 

In the periodic table, endothermic occluders (hydrogen soluability 
on the order of 0.1 atomic percent) all lie mid-way between the 
exothermic occluders (hydrogen solvability on the order of 2 to 10 


atomic percent) and those elements which do not absorb hydrogen. 


In the case of steel, as with all endothormic occluders, the 


Only reaction that occurs with hydrogen is the formation of a simple 





1g 


solid-solution, the soluability of which increases with temperature 
and is proportional to the square-root of the hydrogen pressure, 
The soluebility of hydrogen in metal can be expressed by an equation 


of the form: (tt 


S = SNP exp (-0/2RT) (1) 


Wheres S = Solusbility of hydrogen 
55 = Constant 
P = Pressure of hydrogen 


Q = Heat of solution, in calories per gram-mole 
of hydrogen 
R = Gas constant 


T = Temperature in degrees Absolute 


DIFFUSION 


Although the mechanism of hydrogen diffusion in metals is by no 
_ clear, it would appear that the various possibilities are that 
hydrogen atoms may diffuse through: 

1. The interstices of the lattice structure. 


2. Grain boundaries, 


3. Structural imperfections within grains. 


in the case of iron, interstitial diffusion is the predominant 





means, although the grain-boundaries and lattice structures are of 


secondary importance. 


A necessary preliminary though, to the diffusion of hydrogen 
through the metal, regardless of means, is the dissociation of the 


hydxogen molecule te atomic hydrogen at the adsorption surface, - 


Dirfusivity inereases rapidly with temperature in accordance 
with the exponantial law governing rate processes, and is proportional 
to the square-root of the hydrogen pressure, Figure 1-1 shows the 
variation of the overall hydrogen diffusivity coefficient with 
respect to temperature. The diffusivity of hydrogen in metal can 


be expressed by an equation of the form: (2?) 
D= Dap exp (-Q/2RT) (2) 


Wheres D = ODiffusivity of hydrogen 
D = Constant 
PrP = Pressure of hydrogen 


Heat of solution, in calories per gram-mole of 


&) 
i] 


hydrogen 
R = Gas constant 


T *# Temperature in degrees Absolute 





Diffusivity 
Coefficient, 
en“/sec 





Temperature 


FIGURE 1-1: VARIATION OF THE OVERALL HYDROGEN DIFFUSIVITY 
COZFFICIENT WITH TEMPERATURE (10) 








oe 


DETERMINATION OF DIFFUSIVITY CORFFECIENT AND SOLUABILITY LIHIT 


Two ways of determining the diffusivity coefficient and the 
solvability Limit are by: 

1. Hydrogen evolution rate data 

2. Fermeation rate data. 
Both of these methods are based on the microscopic dispersion of 
hydrogen in steel as expressed in the form of heat flow ina | 


condueter, This expression is known as Fick's Second tay 67), 


Qa 


Ze 
C oc 


Where: ec = Hydrogen concentration at @ point 
x = Distance 
% = Time 
D = Diffusivity coefficient 


- 


Hydrogen evolution rate data. For this method of determining 





the diffusivity coefficient and soluability Llinit an infinitely 


large plate is assumed, with cathodic charging from both sides, 


The following boundary conditions are applied to Fick's Second 
Pe. 
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cr 0 at ree 


c=C at % *= 


Wheres t = Time 
x = Distance into plate in 2 normal direction 
L = Thickness of the plate 


C= Saturation concentration on the plate surface, 


The solution of Fick’s Second Law with these boundary conditions 
(708 


results in 


@ sn 
Cav/C, = 1 - “5 x dof exp | -(xir/t?)nt | (4) 
n 


Where: Cav/C, = Concentration average over the plate volume 


, a he = Fourier number 


Figure 1-2 shows a graphical representation of the calculated 
results of the concentration average over the plate volume versus 
the Fourier number, Tnis curve represents how the volume of 


occluded hydrogen changes with the charging tine. 
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1,6 


Cav/C, Ue5 4 


10" 107 107 r 


Ne 


FIGURE 1-2: CALCULATED VALUES OF CONCENTRATION AVERAGE VERSUS 
RIER NUMBER OBTAINED FROM HYDROGEN EVOLUTIO : 
DATA (17) TION RATE 
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Permeation rate datas For this method of determining the 
diffusivity coefficient and solvability limit an infinitely large 
plate is essumed, with a constant cathodic charge at the surface of 


the plate, 


The following boundary conditions are epplied to Fick's 


Second taut?) , 


f 


it 0 at c= 0 


x=O,t 0 atc=o (at the surface) 


OQ 


SET) ng t ate = C, (at the hydrogen charging surface) 
Wheres t = Tine 

x = Distance into plate in a norml direction 

L = Thickness of the plate 


C = Saturation concentration on the charging surface 


The hydrogen permeation volume through a unit area of the plate 
after a time t of cathodic charging is expressed ase 


~ 


— t m= 
Z= 2 D(dc/dx), pat 


De, f #2 5 (or x Q2 [exp -(n/ oe) (5) 
ca a 


n=l n Dir 
(17), 


iL 


for the temperature range where 
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z=o t= 2t® F ()2 = 
N Dp di ne 


a8 : S 


Defining two quantities in the above expression as (17): 


ae fer ere rermesation rate 
K 

2 
Za = L = Iag-tine 


the expression for the "“Lag-Tine Method" is obtained :\27) 
Z= P(teb) (7) 
Pigure 1-3 gives a graphical representation of this expression, 


“ A comparison of the diffusivity coefficient and the soluability 
Limit determined by the hydrogen evolution rate data and permeation 
rate data methods reveal thats 

},. The diffusivity coefficient, D (cn“/sec), evaluated by the 
hydrogen evolution rate data method is approximately two 
times greater than tha one evaluated by the permeation rate 


data method, 





a. 


Ev 


The soluability limit, c (cc/l00¢ Fe), evaluated by the 
hydrogen evolution rate cata method is approximately equal 


to the one evaluated by the permeation rate data method, 





Perneating 
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LAG HETHOD PLOT OF VOLUME OF PERMEATING GAS VERSUS 


ING TIME OBTAINED FROM PERMEATION RATE DATA (17) 





CHAPTER 2 


HYDROGEN EMBRITTLEMENT OF STEEL 
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GENERAL 


"Tt is still not possible to offer a convincing explanation 
of precisely how the presence of hydrogen within the metal structure 
leads to the formation of cracks in certain circumstances and not in 


1 
others "(07 


This situation exists tceday dispite the considerable amount of 
research that has been conducted on the phenomena of hydrogen~induced 
embrittlement in steel, There have been over 1200 references of 
relevant literature printed on the subject since 1926, 42) 

Yet, it is possible to Summarize the menontta aa 

"Hydrogen embrittlement occurs under those conditions of 

composition, temperature, and streain-rate, fcr which the 

yoresence of hydrogen leads to the formation and propagation 

of brittle micro-cracks, when such cracks would not be formed 

in the absence of hydrogen; when these conditions do not 

hs the presence of hydrogen dees not lead to embrittlenent," 
and list a summary of the characteristics of the physical effects of 
hydrogen on the mechanical properties of iron and steer 1), 
1, Elastic properties are not Significantly effected by the 
presence of hydrogen, 


2. Hydrogen solution in the range of 0-10 em?/100¢g Fe has no 


effect on the hardness although the ultirate tensile 





10, 


on 


strength is decreased, 

The fracture stress is lowered in proportion to the increase 
in the hydrogen concentration, 

At low temperatures, hydrogen can produce a small yeild 
point in pure iron. While at normal temperatures hydrogen 
can prevent the occurance of the yeild phenomena which 

are usually found in mild steel, 

Both of the ductility parameters of elongation and reduction 
of area are reduced in proportion to the hydrogen concentration 
up to a value of 5 en?/100g Fe (aporoximately 0,025 atomic 
percent), At greater Recor ons of hydrogen the 
ductility is constant, 

As the strain rate is increased, tne hydrogen embrittlenent 
4s reduced, Thus atime WES Virtually no effect in the 
Liniting case of the impact test. 

The maximum hydrogen embrittlement effect occurs at 
tenperatures just above the ductile-to-brittle transition 
for the hydrogen-free material ard can range from ~100%e to 
+100°c. 

Tensile stresses are required to cause hydrogen embrittlement. 
Tne presence of a hydrogen solution in steel changes the 
fracture type fron that of a typically ductile material to 
that of a typically brittle material, 

Tne treatment of the material governs the hydrogen 


embrittlement effect. Steels in a hardened or sphereodized 
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condition are particulerly susceptible. Cold-working will 
also increase the susceptibility. 

ll. The presence of hydrogen causes “delayed failure” or 
"static fatigue", prerature brittle fracture under static 
loading conditions, in high strength alloy steels, 

22. Hydrogen enbrittlement requires the presence of diffusible 
hydroren during straining. The presence of hydrogen in 
steel does not affect the metal in the vinstrained Biotec and 
its removal prior to straining ensures full ductility. 

13. Tne overall ductility of the metal will be typical of the 
locally enriched areas of hydrogen concentration, which ere 


the least ductile, rather than the average hydrogen content. 
MECHANISH OF HYDROGEN EMBRITTLEMENT 


The effect of the presence of hydrogen is to produce an 
additional source of micro-cracks which can lead to the propagation of 
a brittle fracture. The presence of hydrogen within a metal will 
result in an embrittlement effect if its solvability and diffusivity 
characteristics are such as to increase the "piling-up" of 
dislocations, to form micro-cracks and propagate into a brittle 
fracture, decreasing the ability of the metal to withstand plastic 
deformation and thus reducing its ductility. This embrittlement 
occurs in steel, an endothermic occluder, as a result of an increase 


in the intermal strain of the metal lattice because of tho formation 
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of a tightly-packed interstitial solution of hydrogen. The mechanism 
is nost apparent at temperatures which are just above those ef the 
ductile-to-brittle transition of the hycrogen-free metal. Below 

the transition temperature, the metal is brittle regardless ef the 
presence of hydxogen. While above the transition temperature, it is 
difficult for micro-cracks to form and propagate before plastic 


deformation takes place. .- 


A considerable number of theories have been formulated in an 
effort to explain the mechanism of hydrogen embrittlement in steel, 
In determining the validity of the varicus theories the following 
predominant characteristics of the mechanism must be considered: 

1. The reduction in ductility, resulting from the presence of 
hydrogen, increases as the hydrogen concentration increases 
to a value of 5 on? /2 Fe. Beyond this point the ductility 
is uneffected by additional hydrogen content. 

Zo The fracture of hydrogen containing steel is essentially 
(ogo Al Wes, 

. 3. The degree of embrittlement for a given hydrogen concentration 
decreases as the temperature decreases below room temperature 
and the strain rate increases, suggesting a diffusion 
controlled mechanisn, 

4, The degree of embrittlement for a given hydrogen concentration 


also decreases as the temperature rises above room temperature, 





zaptte t+) proposed a theory based on Planar pressure, The 
explanation stated that the hydrogen gas exerted an increased 
pressure on the metal lattice as more of the gas precipitated, 
At a critical pressure, the lattice of the metal would be sprung 
vy the hydrestatic Yorece of the hydrogen, at which point the steel 
was said to be embrittied, If at this point a stress were applied 
to the structure, the metal would prematurely fracture, However, 
the theory hss several major deficiencies s 

1. The absence of hydrogen embrittlement during compression, 


2. The inability to account for the temperature and strain- 


rate relationship dependence, 


formulated a theory based on the mechanisms of brittle 
fracture, which suggested that the presence of hydrogen decreased the 
energy necessary to form a new surface. The hydrogen atoms that are 
adsorbed on the surface of micro-cracks reduce the surface energy, 
and thereby reduce the amount of strain-cnergy necessary to form a 
new surface, This would result in the critical stress required for 
crack propagation to be lower in the presence of hydrogen, This 
theory is dependent upon the diffusion of hydrogen to the nicro-cracks 
within the steel, It explains the dependence of hydrogen enbrittle- 
ment upon the strainerate and its decrease as the temperature falls 
below room tenperature, but it fails to explain its decreaso as tho 


tenperature rises above room temperature, 
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Kazinezy tt} also fornulated a theory based en the mechanisns 
of brittle fracture. However, Kazsincsy believed that the presence 
of hydrogen increases the energy released during crack propagation. 
Therefore, the energy released by the extension of the crack is 
greater than the energy necessary te create the new surface of the 
enlarged crack region, and rapid properation and trittle fracture 
result, This suggests that the main factor of hydrogen enbrittlenent 
is the presence of gasious hydrogen within the micro-cracks of the 
steel, with the degree of embrittlement increasing as the geasious 
hydrogen contents increases and thus increases the pressure within 
the micro-crack, However, eedinczy's theory, 2&5 Was the case with 
Petch, is dependent upon the diffusion of hydrogen to the nicro- 
exacks within the steel. It also explains the dependence eof hydrogen 
enbrittlenent upon the strain-rate and its decrease as the tenperature 
falis below room temperature, but it, too, faile to explain its 


decrease as the temperature rises above roon temperature, 


Vaughan and Detterton(t!? proposed a theory based on the idea on 
the strain-hardening effect. It is suggested that hydrogen is 
Snitially present in interstitial polution in the unstrained steel, 
As stresses are applied, the hydrogen diffuses to the slip plenes and 
forns Pencs theres which hinder the movement of dislocations and lead 
to premature brittle fracture, However, this was shown to be in 
direct contradiction with a corrollary hypothesis of Vaughan and 


‘DeMorton that suggests that hydrogen can suppress the yield point 
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phenomena, due to the hydrogen atmosphere’s ability to maintain 
contact with the movenent of dislocations, because of the high 


diffusion rate of hydrogen. 


Rogers 1}? suggests that the hydrogen atmospheres are bound 
less tightly to dislocations than atmospheres of carbon or nitrogen, 
Hydrogen would not displace a significant amount ef either carbon 
or nitrogen from a dislocation, but would instead attach to a 
dislocation that had been freed of carbon and nitrogen. This 
hypothesis afforis an explanation of the relevant behaviour of 
hydrosen, nitrogen, and carbon and suggests that the hydrogen 
embrittlement of steel is not a result of a strain-harlening 
mechanisn, | 


(11) 


Morlett, Johnson, and Troiano have suggested a new theory 
based on diffused hydrogen localized at, or near to, lattice 

' imperfections refered to as "voids", The combined effect of the 
diffused hydrogen and the stress system established around each 
"void" determine the severity of the hydrogen embrittlement effect. 
The "voids" are regarded as micro-notches about which a ie 
axlal stress system will be established then stress is applied to 
the steel, Ina region within the metal lattice near each "void", 
the stress system will be tri-axial in nature, Tno theory suggests 


that it. is the hydrogen concentration within the region of tri-axial 


stress within the metal lattice and not the hydrogen concentration 
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within the "void", that determines the degree of embrittlement, 


During the diffusion process, hydrogen will concentrate in 
a highly stressed region of the lattice structure and thus create 
a hydrogen concentration gradient which corresponds to the multi- 
axial stress gradient of tne retin. Within this region, the 
hydrogen moves from the lattice into the "voids" in order to attain 


a state of equilibrium, 


The size of the hydrogen concentration gradient that will exist 
in the region of tri-axial stress near a “void" will depend ons 

L. The original hydrogen concentration 

2. Tne hydrogen diffusion rate 


3, The time available for the diffusion of the hydrogen, 


Thus the theory essentially suggests that the stress-influenced 
| diffusion of hydrogen results in the formation of regions of high 
hydrogen concentration and extreme tri-axial stress within the 
lattice structure of the metal, The combined effect of the hydrogen 
concentration and the tri-axial stress cause the initiation of a 
brittle micro-crack within the metal crystal, The micro-crack in 
turn propagates and leads to the propagation of a brittle fracture, 


resulting in failure of the steel, 


Althovgh the exact manner in which the concontration of hydrogen 
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at the region of tri-axial stress within the metal lattice, causes 


the initiation of a brittle micro-crack, is wnexplained, and will 


reguire a further developement of the theory of fracture in metals, 


the theory of Morlett, Johnson, end Troiano\l4) dees account for the 


predominant characteristics of hydrogen enbrittlenments 


1, The decrease in the degree of hydrogen embrittlensnt with 


Ze 


3. 


the decrease in temperature results from the decrease in 


‘the diffusion rate with the decrease in temperature, © 


The decrease in the degree of hydrogen embrittlement as 

the temperature increases results fren the increase in the 
diffusion rate, with the resultant inerease in the ease of 
aiffusion overcoming the tendency tovard stress induced 
concentrations ef hydregen, 

The increase in the degree of hydrogen embrittlement as the 
strain-rate is decreased results from the increase in the 
stress-induced concentrations of hydrogen in the region of 
tri-axial stress within the metal lattice structure, This 
occurs because of the increased time of applied stress when 
the strain-xate is reduced, and the resultant increased 
influence of the tri-axial stress system upon the diffusion 


of the hydrogen, 


Thorefore, it has been stated that the theory suggested by 


Morlett, Johnson, and Trosano\1) presently affords the best 


explanation of the mechanism of the phenomena of hydrogen 


embrittlLenent in steel, 
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PROPAGATION OF BRITTLE FRACTURES 


Once the micro-crack has been initiated by the combined effect 
of the hydrogen concentration amd the tri-axial stress system, its 
propagation leading to a brittle fracture and the resultant 
failure of the steel is dependent upon the relative velocitiss of 


the plastic defermation and crack propagation, 


Plastic flow at the point of initiation of the micro-crack 
should relieve the tri-axial stress concentration of the recion, 
However, the presence of a hydrogen concentration in the region will 
cause a general resistance to the plastic deformation, This loss in 
ductility results in a retardation of the plastic flow to a rate 
below that of the erack veiccity. The result is the propagation of 


the micro-crack leading to a brittle fracture and the resultant 


failure of the steel, 








CHAPTER 3 


WELD DEFECTS 
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GENERAL 


Defects are expected to exist in a welded joint, It is not 
possible to completely prevent all forms of them from occuring. 
Therefore, it is necessary to determine the significance of the 
existing defects, with respect to their effect on the proper functioning 
of the welded joint, when it is considered in relation to the design 


requirements for the service life of the structure, 


The significance of the existing weld defect may vary, depending 
upons 
1. The defects position in the weld or heat affected sene, 
2. Tne properties of the residual stresses in te materiel 
in which the defect lies, 
3. The nature of the service required, 
Even the smallest of defects, on a microscopic seale, can act as an 


initiation point for other weld defects that could lead to a failure, 


Tne Significance of an existing weld defect, and thus the 
decision to accept or reject a welded joint, can be based on: 
1. An arbitrary level of defects, 
2. FPrevious experience as to the quality of weid that it is 
known to be possible to obtain. 
3. Previous experience as to the quality of weld that it is 


known to be necessary in order to obtain a satisfactory 
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service life, 


4. Scientific knowledge of the effect of defects under the 


relevant circumstances. 


The standards that are presently being used as a basis for the 
"accept/reject" decision are quite arbitrary and subjective, They 
are not usually supported by scientific knowledge relevant to the 
service Life of the weld joint, and, therefore, are not truely 
representative of the real behavior. This is pointed out by recent 
expernental evidence that indicates that a greater degree of tolerance 
as to weld defects, is possible with the new, tougher materials, 
However, the present standards for existing weld defects do enable 


(23). 


manufacturers to “keep fabricaticn in line" 
POROSITY 


extreme concern exists over the less critical defect of weld 
metal porosity, even though a considerable degree of weld metal 


pososity can be tolerated, 


The strength of a welded joint does not seem to be greatly 
effected by the size, distribution, or location of pososity within 
the weld metal, However, the strength does appear to decrease in 
proportion to the loss of the effective cross sectional areca of the 


weld netal, as a rosult of the porosity, 
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The fatigue strength of a welded joint also seems to have a 
good correlation to the reduction in effective cress sectional 
area of the weld metal. The percentage reduction in the fatigue 
strength is proportional to the percentage reduction in effective 


cross-sectional area, 


Buvdekin, Harrison, and roone have further steted that 
pores may also serve as points of stress concentration within the 
neld metal thus creating an internal notch effect that could cause 


failure during cyclic loading, 
CRACKING 


Tne temperature distribution, with time, that oceurs during 
the process of welding a joint compares to the thermo-chemical 
treatment of the steel, except that the welding cycle is spontaneous 
and without any control of the high residual stresses and impurities, 
The resvitant brittle fractures that occur are effected bys 

1. Local volume changes, 

2. Tensile stress3s, 

3. Local plastic deformaticn. 

L, Hardening of the microstructure of the material, 


(18) 


Kovayashi and Aoshima jdentificd the cracks which occurred 


‘in low alloy steels as: 





1. Underbead cracks 

2. Toe eracks 

3. Root cracks. 
They have suggested that all of the cracks were hydrogen induced, 
although the tow cracks and root cracks could have also oceurred 


without the support of induced hydrogen, 


Cabot ka (28) has identified four types of deiayed weld cracks 
that were found in welded joints. 

1, Underbead cracks 

2. ‘Transverse cracks 

3. Notch cracks 

k, Fusion eracks, 


These ars shown in Figure 3-1, 


The underbdsad eracks occur oslow the fusion zone in the heat 
affected zone, For these crecks to form there must be a combination 
of tensile stresses, hydrogen, and a hard microstructure, Without 


tad 


the presence of hydrogen, underbead cracks rould not occur, 


Transverse cracks tend to initiate in a zone of “overheated 
poxtensite" and run perpendicular to the isotherms in the weld netal, 
It is possiblo for these cracks to run fron the weld into the 
uneffected base metal, The transverse cracks occur as a result of 


‘Shrinkage stresses, particularly when the nulti-pass technique is 
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. Underbead crack 


Transverse erack 


Notch crack 


~- WwW Mp we 


‘Fusion exack 


FIGURE 3-1: TYPES OF DELAYED CRACKS FOUND IN WELDED JOINTS (8) 
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used, The presence of hydrogen only suprorts the initiation of the 


transverse cracks, It is not essential to their formation. 


The initiation of fusion cracks is also not dependent upon the 
presence of hydrogen, However, hydrogen does support their initistion. 
Fusion ervacks occur in the fusion zone as a result of a combination of 


tensile stresses ari a hard microstructure. 


Notch exracks occur at the toe of the weld metsi and are only 


secondarily influenced by the presence of hydrogen, 


Ali four types of the delayed cracks found in welded joints by 
cabetka 8) tended to occur in formerly overmeated Zentore of hard 
microstructure, under the influence of tensile stress components 
of weld netal shrinkage perpendicular to the direction of crack 


propagation, A phenomena similar in nature to quench cracking, 


The delayed cracks were further characterized by the foliocwing :\8) 
1, Tnere is a different type of crack with regard to location 
and shapes, 
2. Each type of crack tenled to retain its own specific location 
and direction of propagations tio or more cracks of a specific 
type rarely combine, 


3. The formation process for each type of crack is different, 


4% Tho difference in the crack initiation process does not occur 
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because of a difference in incubation pericds, put because 
of the orientation and magnitude of the local tensile 


Stresses, 
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CHAPTER 4 


MICROSCOPIC INVESTIGATION 
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GENERAL 


The specimens used for the microscopic Investigation were the 
Same as those used for the microhardness tests, and vere propared 
as shown in Figure 5-1, Each specimen was finished on a series of 
finishing wheels, ranging from a #60 through #120, #240, and #320. 
Next, each specimen was polished on a #600 finishing wheel, using 
a 0.3 4alumina/distilled water solution, Finally, each specimen 


was etched using a 2% Nital Solution. 
TEST RESULTS 


The results of the microscopic investigation are shown in 
Figures 4-1 through 4-16, Porosity was extensive throughout the 
weld metal. A greater degree of porosity, and a greater number of 
cracks, were found in the overhead welds than in the verticle welds 


or the downhand welds, 


The cracks which occurred were found to be in the weld netal 
an the fOxrm On "Tusion” cracksior "transverse ere od, which 
initiated in the weld metal and extended into the heat BePect a zone, 
Underbead eracking in the heat affected zone was not observed, This 
finding is in direct conflict with the findings of Masubuchi and 


(21) and the normal occurance in air welds, However, these 


(22) 


Martin 


findings are in agreement with the findings of Meloney 
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FIGURE 4-1; MULTI-PASS DOWNHAND UNDERWATER WELDED LAP JOINT #1 
USING E11018 ELECTRODE (5x, 2% NITAL) 





FIGURE 4-2: LAP JOINT #1 SHOWING EXTENSIVE PROOSITY THROUGHOUT 
WELD METAL (100x, 2% NITAL) 
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FIGURE 4-3: LAP JOINT #1 SHOWING "FUSION" CRACKS IN THE WELD METAL 
NEAR THE HAZ, (100x, 2% NITAL) 





FIGURE 4-4: MULTI-PASS DOWNHAND UNDERWATER WELDED LAP JOINT #2 
USING £11018 ELECTRODE (5x, 2% NITAL) 
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FIGURE 4-5: LAP JOINT #2 SHOWING “FUSION” CRACKS IN THE WELD METAL 
NEAR THE HAZ (100x, 2% NITAL) 





FIGURE 4-6: LAP JOINT #2 SHOWING HEAVY GRAIN BOUNDARIES IN WELD METAL 
NEAR HAZ (100x, 2% NITAL) 
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FIGURE 4-7: MULTI-PASS VERTICLE UNDERWATER WELDED LAP JOINT 43 
USING E11018 ELECTRODE (5x, 2% NITAL) 





FIGURE 4-8: LAP JOINT #3 SHOWING "FUSION" CRACKS IN THE WELD METAL 
NEAR THE HAZ (500x, 2% NITAL) 
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FIGURE 4-9: MULTI-PASS OVERHEAD UNDERWATER WELDED LAP JOINT #4 
USING £11018 ELECTRODE (5x, 2% NITAL) 





FIGURE 4-10; LAP JOINT #4 SHOWING EXTENSIVE POROSITY THROUGHOUT THE 
WELD METAL 











FIGURE 4-11: LAP JOINT #4 SHOWING EXTENSIVE POROSITY THROUGHOUT 
WELD METAL - NOTE THE JOINING OF THE PORES TO FORM 
A CRACK (100x, 2% NITAL) 





FIGURE 4-12: LAP JOINT #4 SHOWING "FUSION" CRACKS IN THE WELD METAL 
NEAR THE HAZ (100x, 2% NITAL) 
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FIGURE 4-13: LAP JOINT #4 SHOWING A "FUSION" CRACK IN THE WELD METAL 
NEAR THE HAZ AND A "TRANSVERSE" CRACK INITIATING IN THE 
WELD METAL AND PROPAGATING INTO THE HAZ (100x, 2% NITAL) 





FIGURE 4-14: MULTI-PASS OVERHEAD UNDERWATER WELDED LAP JOINT #5 
USING £11018 ELECTRODE (5x, 2% NITAL) 
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FIGURE 4-15: LAP JOINT #5 SHOWING NO CRACKING IN THE WELD METAL 
NEAR THE WATER ENVIRONMENT (100x, 2% NITAL) 





FIGURE 4-16: LAP JOINT #5 SHOWING "FUSION" CRACKS IN THE WELD METAL 
NEAR THE HAZ (100x, 2% NITAL) 





Ey, 


CONCLUSIONS 


The underwater welded HY-80 steel lap joints have not 


experienced the hydrogen eubrittlement phenomena, 


Tne cracks observed in the microscopic investigation were of 
the "fusion" and “transverse™ type, as described by cabelks ‘8, 
Tnese cracks occur in the veid metal, and in the case of the 
“cransverse™ cracks, can prepagate into the heat affected gone, 
and possibly into the uneffected base metal, The “fusion” cracks 
are not dependent upon hydrogen for their initiation, but instead are 
the resuit of a combination of tensile wrercce and @ hard meres 
structure, “Transverse” cracks initiate in zones of “overheated 
martensite" and occur as 2 result of shrinkage etresses, They, also, 


are not dependent upon hydrogen for their formation, 


The type of cracks which occur in welded HY-~80 steel joints which 
experience the hydrogen embrittlement phenomena, underbead cracks, 


Pa 


were not observed during the microscopic investigation. 


Although the degree of porosity is extensive throughout the er 
metal, it is a less critical veld defect and should be of less concern, 
Catastropic failure of the underwater welded HY~80 steel joint is 
moze likely to occur as a result of the “fusion" cracks and the 


transverse" cracks, than as a result of the porosity, 
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However, in order to determine the significance of the “fusion" 
crecks and the "transverse" cracks, it is necessary to know the 
properties of the residual stresses in the weld metal and the 
nature of the service we uireinces the underwater welded HY~80 steel 


OLN, 
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GENERAL 


The microhardness tests of the underwater welded HY-80 steel 
lap joints were conducted on a Wilson Model LL Tukon Microhardness 
Tester located in the Material Science Department at M.I.T, A load 
of 500 grams Was used for the tests, The resulting diamond imprint 
was micrescopically measured in m, converted to a Knoop Hardness in 


Ke/mm, and then approximated to a Rockwell C value, 


The microhardness test specimens were prepared from the underwater 


welded HY-80 steel doubler plate, shown in Figure 6-1, 
eat AeSULTS 


The results of the microhardness tests are shown in Figures 5-1 
through 5-5, Each microhardness test specimen shown in the figures 
has been micro-polished with a 0,3 alumina/distilled water solution 


on a #600 polishing wheel and then etched with a 2% Nital solution, 
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FIGURE 5-4: DOWNHAND WELDED MICROHARDNESS TEST SPECIMEN 
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FIGURE 5-2: DOWNHAND WELDED MICROHARDNESS TEST SPECIMEN 
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FIGURE 5-33 VERTICLE WELDED MICROHARDNESS TEST SPECIMEN 
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FIGURE 5-5: OVERHEAD WELDED MICROHARDNESS TEST SPECIMEN 
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CONCLUSIONS 


Tre heat affected zone of subsequent passes in the multi-pags 
technique does not appear to temper the weld metal or heat affected 
zone of previous passes, In fact, the microhaniness tests results 
seen to indicate that regions of heat affected zone and weld metal 
waich fall within the heat affected zone of subseguent passes ara 
(22) 

¢ 


actually hardened. This is net in agreement with Meloney who 


concluded that the “nulti-pass regions" experienced less hardness, 


Tne hardness of the weld metal is greatest near the heat 
affected zone and decreases near the water. However, the hardness 


of the heat affected zone apvears to increase nearer the water, 


The regions of greatest micrehariness should be the most 
susceptable to microcracking in the presence of tri-axial tensile 


stresses and hydrogen embrittlement, 
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GENERAL 


The mechanical bend tests of the underwater welded HY-80 steel 
lap joints were conducted on an Instrun test machine located in the 
Material Science Department at M.I.T. A guided bend test jig was 


used in conducting these tests, 


Tne HY-80 steel lap joint bend specimens were prepared from the 
underwater welded HY-80 steel doubler plates as shown in Figure 6-1, 
The arrows on the doubler plates indicate the “north" direction of 


the plate during the underwater welding process, 


TEST RESULTS 


The results of the HY-80 steel lap joint bend tests are shown 
.in Figures 6-2 through 6-12, The graphs shown were taken from the 
information charted by the Instrun test machine during the bend test 
of each HY-80 steel lap joint specimen, Each graph indicates the 
time to failure with a crosshead speed of 0,02 inches per minute, 


and the load necessary to cause the failure to occur, 


In the case of the two overhead welded HY~8S0 steel lap joint 
Specimens, the test results were quite different, Test specimen 


OH-l experienced failure of the weld metal and complete fracture of 
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the specimen before any failure was initiated in the base metal. On 
the other hand, the weld area of specimen OH-2 was uneffected by the 


load, 


In ail the other cases of the HY=-80 steel lap joint specimens, 
failure occurred at the toe of the weld and was of the Type ‘2° 
fracture, as described in MIL-STD-O00418B (SHIPS), These results are 


Ca 


in agreement with those observed by Meloney 


The surface of the Type °2' fractures and the OH-l1 specimen 
appeared grey and silky with fibrous dimples indicating a ductile 


shear type fracture. 











FIGURE 6-1: 


PREPARATION OF LAP JOINT BEND SPECIMENS 
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FIGURE 6-2: FAILURE CHARACTSRISTICS OF DOWNHAND WELDED LAP JOINT 
BEND TesT SPLCIMEN DN-J. 


4 
eer ee, ee ee ee OS nr ener eee tna ert rt re real pa / 


4.000 








FIGURE 6-3 : 


RESULTS OF BEND TEST ON DOWNHAND WELDED LAP JOINT 
BEND TEST SPECIMEN DN-1l 
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FIGURE 6-4: FAILURE CHARACTERISTICS OF DOWNHAND WELDED LAP JOINT 
BEND TEST SPECIMEN DN-2 








FIGURE 6-53 


RESULTS OF BEND TEST ON DOWNHAND WELDED LAP JOINT 
BEND TEST SPECIMEN DN-2 
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RESULTS OF BEND TEST ON VERTICLE WELDED LAP JOINT 
BEND TEST SPECIMEN V-1 
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FIGURE 6-8 : FAILURE CHARACTERISTICS OF VERTICLE WELDED LAP JOINT 
BEND TEST SPECINEN V-~2 








FIGURE 6-9: 


RESULTS OF BEND TEST ON VERTICLE WELDED LAP JOINT 
BEND TEST SPECIMEN V-2 
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FIGURE 6-11: FAILURE CHARACTERISTICS OF OVERHEAD WELDED LAP JOINT 
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FIGURE 6-12: 


RESULTS OF BEND TEST ON OVERHEAD WELDED LAP JOINT 
BEND TEST SPECIMENS OH~1 and OH~2 
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CONCLUSIONS 


Type °'2° fractures, which initiate in the tee of the veld 
and propagate through the heat affected zone into the hbase netal, 
were experienced, These fractures were gyvay and silky in 
appearance with fibrous dimples, eaten eine & ductile shear type 


CLACTULES, 


Therefore, the weld metal near the heat affected zone, the heat 
affected sone, and the base metal near the heat affected zone, exper< 
Jenced ductile shear fracture, which continued to propagate slowly, 
even after the failure had been initiated and the load continued to 
be applied, There vas no rapid prop2zgation of the fracture or 


catastropic failure, 


Thus it appears thet the hydrogen embrittlement phenomena did 
not occur in the weld mstal near the heat affected zone, the heat 
atiected gone, or the base metal near the heat Ws gone, The | 
characteristics of a brittle cleavage fracture were not present, and 
rapid propagation of the crack, leading to a total failure, did not 
occur, even though the load continued to be applied after the fracture 


had been initiated, 


The presence of hydrogen and the resultant hydrogen enbrittle~ 


ee 





85 


ment phenomena would have caused a loss in ductility and the 
retardation of plastic deformation. This occurance would result 

in a transition from a ductile shear fracture to a brittle cleavage 
fracture with rapid erack propagation and total feilure with a 


continusd applied stress, 


This phenomena was not observed, 
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HYDROGEN EMBRITTLIMENT 


Underwater welded HY-80 steel may not experience hydrogen 
enbrittlement as may air welded HY-80 steel. This is true despite 
the fact that the weld metal cf an underwater welded HY-80 steel 
joint contains pores of entrapped gas, whose major components are 
70% Hos 10% CO, and 20% other gases, and whose source 4s the bubble 
phenonena resulting from the dissociation of the water environment, 
which generates bubbles with a composition of 67-82% Hos 11-24% CO, 


(4) 


15% CO, and 3% N Ons and metalic and mineral vapors, 


2° 
The bubbles generated by the dissociation of the water environment 

by the welding are are entrapped by the rapidly solidifying molten 

weld metal, However, the hydrogen present in the pores does not 

appear to be absorbed and thus does not diffuse into the latice 

structure of the weld metal, The rapid temperature distribution, 

with tine, during the underwater welding process, does not appear 

to provide sufficient energy for the molecular niioean entrapped in 

the pores of the weld metal, to be dissociated to atomic hydrogen and 

adsorbed by the atoms which form the surface layer of the pore, 


Without adsorption, absorption can not occur, 


Assuming that some atomic hydrogen is present and adsorbed by 


the atons which form the surface of the pore, absorption and diffusion 
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to the critical areas of tri-axial stresses are unlikely to occur, 
The rapid temperature distribution, with time, during the 
underwater welding process, and the below “room temperature” 
anbient temperatures, greatly reduce the diffusivity coefficient 
of the hydroren, In addition, the rapid strain rate prevents 
what little hydrogen that may diffuse into the lattice structure 


from traveling to the critical areas of tri-axial stresses, 


For the hydrogen embrittlement phenomena to occur, the 
progressicn of dissociation of molecular hydrogen to atomic 
hydrogen, adsorpticn by the atons one niaa ie the surface of the 
naterial, and absorption and diffusion of the hydrogen through 
the metal lattice structure to form hydrogen concentrations in the 


areas of trieaxial stress concentration, must be completed, 


The experimental results indicate that this progression was not 
completed, and thus the conclusion that the underwater welded HY-80 
steel lap joints have not experienced the hydrogen enbrittlement 


phenonen3, 


The microscopic investigation revealed extensive porosity and 
"fusion" and "transverse" cracks in the weld metal, which occurred 
as a result of high tensile shrinkage stresses and hard microstructure. 


However, the microscopic investigation did not reveal any underbeud 
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cracking in the heat affected zone, which also would have occurred 
as a result of the high shrinkage tensile stresses and hard nmicro~ 


structure, had hydrogen diffused into the region, 


The ambiant temperature of the water environment during the 
underwater welding ef the HY-80 steel doubler plates, and thus the 
water quench temperature of the welded joints, was ZA 7 a 
This temperature was sufficiently below “room tenperature™ to prevent 
the completion of the progression of hydrogen necessary for the 
hydrogen emorittiement phenomena to occur, Yet, the quench was 
severe enougn to cause shrinkage tensile stresses high enough, that 
wnen combined with the hard microstructure, “fusion” and “transverse” 
cracks occurred, | 


18) 


These findings are supported by Kobayashi and Noshiene 9» who 
observed that for welded low alloy steels, quenched at a water 
‘temperature below 25°C (77°F), hydrogen diffusion is retarded and the 
progression of hydrogen necessary for the hydrogen embrittlement 
phenonena to occur, is prevented from going to completion. However, 
non-hydrogen induced cracks occurred as a result cf the high thermal 


(18) 


Btresses caused by the rapid quench, Kobayashi and Aoshima also 
observed that at water quench temperatures above 50°C (122°F), hydrogen 
diffusion is advanced to a derree that it is able to overcone the 


affinity of hydrogen for areas of high stress concontration. Thus 
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the progression of hydrogen necessary for the hydrogen embrittlement 


phenomena to occur is once again prevented from going to completion, 


This upper Limit for the hydrogen enorittlement phenomena 
observed by Kobayashi and Aoshina\t®? is supported by the mininum 
prehest and interpfass temperatures requirement for the welding of 


HY-80 ateel, which is set at §1,7°C (125°r), 


Thus, HY-80 steel may be welded underwater without concern for the 
hydrogen enmbrittlenent pneriomensa, providing the temperature of the 
water environment, and thus the water quench temperature, is below 


(18) and 


25°C (77°F), And from the work of Kobayashi and Aoshina 
) F 
Caberka 8), it appears that tnis conclusion can be applied to other 


low alloy steels, 


At a water environment temperature of 25°C (77°F) and below, the 
concern in the underwater weiding of HY-&0 steel, and other low alloy 
Bteels, is the same as that for welding mild steel, re repid quenching 
and the resultant combination of hard microstructure and high shrinkage 
tensile stresses, However, before any definitive statements can be 
made in this area, it will be necessary for 4 study of the thermal 
stresses encountored during the underwater welding process to be 


conducted, 
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euggestions have been made by Brown, -et ane and Meloney*22? 


that strip heaters, or some other farm of preheat and interpass heat, 
be developsd for the underwater jeldatie process, in an effort to reduce 
the effects of the rapid temperature distribution, with time, in 

an effort to reduce these effects, which do not appear to be critical 
to the acconplishment of an effective underwater weld, es is supported 
by Grubbs end roth 15) , the conditions could bs created to allow for 
the hydrogen embrittlenent phenomena to ceeur, Thus a critical 
Situation which dees not exist, may be created in an attempt to reduce 


the erfects of @ non-critical cendition, 
UNDERWATER WELDING EXPERIMENT 


ine greatest difficulty encountered in performing the underwater 
welding of the HY-&0 steel doubler piates was that of freedom of motion. 
The restrictions of the Navy Standard MKV hard hat diving system was 
the majer factor effecting the outcone of the underwater welding 
operation, The planned adoption of the MKX hard hat diving systen 
as a replacement for the Navy Standard MKV hard hat diving system 
should overcome this ditficulty, since it will provide the diver with 
a& greater degree of mobility and dreedom of motion, 
The problem of visibility that has been encountered by prawnie’? 


and Meloney (22? nh2E not encountercd, By tho welder being a diver 
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and in the water with the HY-80 steel joint te be welded, the welder 
was not forced to Look down through the bubbles and turbidity 
generated by the welding arc, By being in the water, the welder was 
able to position himself so that the joint to be welded was at eye 


level, and thersty eliminate the effect ef the bubbles and turbidity, 


This situation enabied the welder to have a clear view of the 
joint to be welded and to manipulate the welding electrode, within 
the limits inposed by the Navy Standard KHKV haxyd hat diving systen, 
It was, therefere, possible to perform the multiepass technique in 
the downhand, verticle, and everhead welding positions, and te attempt 
the temper beed technique, These techniques were also possible within 


the limits imposed by the Navy Standard MKV hard hat systen, 


Tne quality of the underwater welded HY-80 steel lap joint was 
effected by the inability to completeiy remove the slag after each 
pass, berore laying the subsequent pass, in the multi-pass technique, 
sufficient striking force could not be applied with the hand tools 
available, therefore & scraping technique was used. This did not 
result in the complete removal of the slag and thus the ereatly 
reduced weld quality, This condition could be overcome by the use 
of pneumatic or hydraulic hand tools for the chipping of the slag 
from the weld metal and the grinding of the wold metal surface berore 


laying the subsequent pass in the nulti-pass technique. This factor 





Ou 


was identified by Rothman and Monroe (29? &as playing a major role 
in the performance of an acceptable underwater weld. With the 
distribution of the new diver’s hydraulic tool package, developed 
by the Naval Coastal Systems Laboratory, this problem should be 


solved, 
SUMMARY 


With the adoption of the NKX hard hat systen, the availability 
of the diver's hydraulic tool rackage, a naturally clear rater 
environment, and the proper training, the diver-welded should be 
abiec to perform an acceptable underwater weld of HY-30 steel, free 
fron the hyerogen enbrittlement phenomena and within the joint 
efficiencies described by Meloney*2), From the findings of 


(18) 8) 


Kobayashi and Aoshina and CabeLka ' » this capebility should 


also be able to be applied to other low alloy steels, 

The question that still has to be answered is the consequences 
of the combination of the high shrinkage tensile stresses and the hard 
microstructure. For this to be answered the properties of the 
residual stresses must be determined and their effect considered in 


Light of the service life required of’ the joint. 








CHAPTER 8 


RECOMMENDATIONS 
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GENERAL, 


Halloney (22? has shown that underwater welded HY-80 steel 
joints can be fabricated, under laboratory conditions, with properties 
that are acceptable for repair welds, This work has been extended 
by the author, who has shown thst underwater welded HY-80 steel 
joints can be fabricated, under working conditions, without hydrogen 
embrittlement, using presently available equipment, within the present 
Suidelines established by the United States Navy for underwater 


welding operations, 


Now that this capability has been establisned, work should be 
undertaken to optimize the underwater welding precess for HY-80 sitcel 


and other lou alloy steels, 
PROCEDURE 


When the MKX hard hat diving system is edopted the United 
States Navy, and the diver'’s hydraulic tool package is available, 
additional working dives, for the purpose of undernater welding 
various HY-80 steel and other low alloy steel joints, should be 
performed, Included in the joints to ba welded should be butt joints, 
as well as tee joints and lap joints, All of these joints should 


be welded in all positions using the muLti-pass technique. These 





ead 


working dives should explore various joint configurations for each 
type of joint and various weld pass preparation techniques, This 
may enable the underwater welding of HY-80 steel and other low alloy 
steel joints to be expanded from the rein of repair into that of 


fabricaticn, 


The increased freedom of motion allowed by the MKX hard hat diving 
system and the capabilities provided by the diver's hydraulic tool 
package, should enable the properly trained diver-welded to perform 


these working dives, 
ANALYSIS 


Preheat and Interpass Heat, The effects of preheat and interpass 
heat on the rapid temperature distribution, with time, and thus the 
thermal stresses, in the region of ths weld zone Should be investigated, 
However, this investigation should be conducted in the Jight of the 
possible effect of preneat and interpass heat on the hydrogen 
Peeittienent phenomena, The study should be conducted to determine 
if it is also possible to clevate the tenperature of the weld zone 
above the region of critical hydrogen embrittlement, while attempting 
to overcome the effects of the rapid temperature distribution, with 
time, or whether a possibly non-critical condition will be corrected 


only to create a critical one, 
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Thermal Stresses, An investigation of the thermal stresses 
occuring during the underwater welding process should be conducted, 
in order to determine their contribution to the mechanical 
characteristics of the cracking of the underrater welded joint, 

By utilizing the information techniques developed by Ueda and 
Yanakawa 23? Fujita and Nomoto (te) and Brome @ thermal 
elastic-plastic analysis of the undexwater welded joint could be 
conducted, As @ result of this investication, it should be Poon oie 
to make a definitive statement as to the effect of the temperature 
change, with time, and the resultant thermal stresses, on an 


undervater welded joint, with regard to srecific joint service life 


requirements, 
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APPENDIX A 


METALLURGY OF HY-80 STEEL 
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COMPOSITION 


HY¥<80 is a lowecarton Ni-Cr-Moe steel which has a goed combination 
of strensth and toughness obtained through quench-and-tempering heat 
treatment, It is available umder the nilitery specifications: 

1, Plate = MIL-S-16216 

2. Extxusions - NIL+S-22664 

3. Relled Seetions - MIL-$-22958: 

4. Castings - NIL-S-23008 

5. Forgings - HIL-S-23009 
and the commercial grades are covered by the ASTM specifications 

1, Flate - A543 


2. Fergings - AS#1 and A505 


The chemical conposition of HY-80 steel as is specified by 
MIL-S-16216 and £543 and a typical HY-80 steel chemical conposition 


are shotm in Table Ael, 


"The anount of total sulphur and phosphorus content is linited 
in order to ninimize the detrinental effects of these clemants 
during welding. Additional control of the effect of sulphur is the 
primary reason for the use of Kanganise. Molybdenum is used to 
increase the hardina bility and increase the temper resistance by 
retarding the softening of the steel during tempering at high 


temperatures, Nickel contributes to the excellent toughness of 
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specifications 
Elenent HIL—-S-1.6216 A5K3 (Grade A) Typical 
Carbon”? 0,18 rex 0,23 max 0,16 
Mancanese 0,10 = 0,40 0,40 mex 0,28 
siiszcon 0,15 - 0,35 60,20 - 0,3 US| 
Nickel 2,00 - 3.25 2,60 = 3,25 297 
Chromium 1,00 - 3,80 1,50 = 2,00 1,68 
Molybdenun 0,20 = 0,60 O45 ~ 0,60 0,45 
Eroechers”” 0,025 EAX 0,035 max OLOLrs 
Sulphur”? 0,025 max 0.G40 max 0.16 
Titaniun 0,02 max oon 0,005 
Vanadiun O,03 rax 0,03 ax 0,005 
| Copper 0,25 wax one 0,05 
Iron Remainder Renzinder 





(a) 0,20 nax for plates 6 inches thick or greater 
(b) The percent of combined phosphorus and sulpher shall be 


O ‘ 045 THAR 


TABLE A-ls CHEMICAL COMPOSITION OF HY-.80 STEEL piares23) 





HY-80 steel and has a secondary effect of increasing the 


hardenability, Silicon is used primarily as a deoxidizer, 


The wide range of variance for several of the clements shown 
in Table Ael is -to permit the steel manufacturer to adjust the 
hardenability of the steel to the thickness of the plate being 
produced. The greater the thickness ef the plate being preduced 
the greater the amount cf alloying elements needed to obtain the 


desired hardenszodility. 
METALLURGICAL CHARACTERISTICS 


The microstructure of HY-30 steel is a combination of tempered 


bainite and tempered martensite in all section thicknesses, 


NIL-S~-16216 imposes two Limitations on the steel manufacturers 
1. The final tenpering temporature shali not be less than 
1100°F, | | 
2, The microstructure at the mid-thickness of the plate must 
contain not less than 80% tempered martensite, 
The actual procedure to be followed during the final guench-and- 
tempering heat treatuent is left to the discretion of the steel 


manufacturer es long as these two limitations are satisfied. 


The procedure that is usually followed in the heat treatment. 





LO4. 


of HY-80 generally consists of austenitization at approximately 
1650°F, followed by a water quench, followed by tempering at 


approximately 1150°F, followed by a second water quench, 


Figure A-l gives a representative tine-temperature-transforration 
curve for different chemical compositions of HY<80 steel with 
different austenitization tenperatures, It can be seen in this 
figure that there 4s an increase in the transformation time and the 
Ki temperature resulting from an dacrease in the austenitization 


TEMpservature, 


2 


MECHANICAL PROPERTIE 


Tho mechanical properties of HY-80 steel as is required by 
MIL-S-16216 and A543 and typical properties of a HY-80 specimen ara 
shown in Table A-2. The Charpy V-Notch impact requirements are 
shown in Table A-3 and Figure A-2 shows the typical relationship of 
Charpy V-Notch energy versus temperature for a one (1) inch HY-8¢ 


steel plate sample. 
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FPIGURS A-le TINE-TENPERATURE-TRANSFORMATION DIAGRAMS FOR HY-80 
STSEL SHOWING THE BaSINNI!G OF TRANSFORMATION (13) 





Property 


Tensile strength, 
ksi 


Yeild strength 
0,2% Offset, ksi 


Flongcation in 2 in., 
min percent 


Reduction in area, 
percent 


Longitucinel 


Transverse 


Specifications 
A543 

NibassiG216 (Grade A) 

ys@) 105/125 

80/956) 85 nin 
a9?) Lt 
\ 
5562) NS 
cot?) NS 


1.06 


Typical 
Value 


IER: 


PDIDE: 


25,9 





(2) NS - not specified 


(b)- These values for plate thickness 5/8 inch and greator 


TABLE AjW-2: SPECIFICATION LIUNITS FOR MECHANICAL PROPERTIES OF 


HY-SO STH 


EL (13) 








Plate Inpact Strength, 
Thickness fteLron mar 
1/4 to 1/2 in. Exel. (a) 
1/2 to 2 in. Iffol. | 50 at -120°F 
Over 2 in. ; 30 at -120°F 


(a) Tests with the half-size Charpy specimen (10x5mm) are 
required for information only. Tests are not required for 


materials less than 1/4 inch thick. 


TABLE A-3: CHARPY V-NOTCH IMPACT REQUIREMZNTS FOR HY~-80 STEEL 
PLATE UNDER SPECIFICATION NIL-S-16216 (13) 
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FIGURE A-2: TYPICAL RELATIONSHIP OF CHARPY V-NOTCH EKERGY TO TEST 
TEMPERATURE FOR 1-INCH THICK HY~80 STHEL PLATE (13) 








APPENDIX B 


WELDING OF HY-SO STEEL 
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SHIELDED METAL-ARC WELDING 


The shielded metal-arc (SMA) fusion welding process uses an 
electrode which consists of a solid core whre covered with an 
extruded layer of flux. This flux is an important factor in the 
fusion welding process in that its composition is a controlling 
factor in such things ass 

oe Arc stability 

2. Weld netal composition 

oe Pluxine and protection of molten metal 

4, Held-mst2l composition 

5. Type of current 

6, Properties of the slag produced 

7. Bead contour 

8. Welding position 


Each of these clements of SMA fusion welding are shown in Figure B-l. 
ELECTRODES 


The SMA fusion welding of HY-~80O steel requires a"low-hydrogen" 
type electrcde, These electrodes are available under commercial 
Bee eatin’ such as American Welding Society (AWS) and government 
specifications such as MIL-2-22200, and are recognized by the digits 
15, 16, and 18 in the desienations. Table B-1 gives tho flux 
conposition ranges for these “low-hydrogen” type olectrodes in 


accordance with Anerican tlelding Society specifications, 
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FIGURE Beal: ELEMENTS OF COVERED ELECTRODE SMA FUSION wetprng\23) 





A¥S Class and 


Lic 

COB 0.005) 
Caleium Carbonate 16=30 
Fluors par 10-30 
Titanium Oxide G8 
iron Powder G25 
Verro Alloys 15-30 
Mineral Silicates | §-10 


Sodium and/or 
Potassium Silicate 515 


Titania 
{ BeXXX LO} 


19-30 
10230 
15-30 
0-5 
15-30 
5-10 


5-15 


July 


ype of Coating, Weight (4) 


Llron-Ponder 
(E-XXX18 ) 


10.30 
1030 
0.8 
15=30 
15-30 
5-10 


Said 


TABLIG Bel: COMPOSITION RANGES OF COATINGS FOR LOW-HYDROGEN 
Ss ( 


COVERED ELECTLOLES (13) 





eS 


The E-XXA15 electredes are used with direct-current reverse 
polarity (DCRP) and utilize sodium silicate as the binder in the 
flux, The E-XXX16 clectrodes utilize potassium silicate as the 
binder in the flux. This modification in the make up of the flux 
enables the E-XXX16 electrodes to be used with alternating-current 
as well as direct-current reverse polarity. Iron porder is added 
to the E-xXx708 Micetrodee which results iri an improvement in the 
deposition efficiency and gives a quieter arc with less spatter, 
E<XXX1S eclectredes are used with either elternating-current or 


direct-current straight polerity (RCSP}, 


The impact properties of the weld metal deposited with each of 
the “lowe-hydrogen” type covered electrodes are shown in Figure Be2, 
The lron-epowder electredes welds exhibit a greater toughness than the 
other “low-hydrogen” type covered electrodes and are thus generally 


used for the SMA fusion welding of HY-80 steel. 


. Typical impact properties of SMA fusion weld metal deposits in 
HY-80 steel using E-XXX18 4ron-povder electrodes are shown in Table 


B-2, Typical mechanical of these weld deposits are shown in Table B-3, 


The variation in the properties of the SMA fusion weld metal 
deposits shown in Figure B-2, Table Be2, and Table B~3 are generally 
Gue to the variations in the chemical composition of the covered 


electrode flux, 
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Specimen rec trcce 
Type(a) Type 30°R O°F 60°F 
¥ ReGOL8 oe om 62 
W H-9018 ow ceo 82 
R B-LLOLS aw =o 15 
‘a B-1L018 56 HS on 


(a) Joint Type - T transverse butt-welded plate 


WK all weld-setal specimen 


TABLE B-2: CHARPY V-NOTCK IMPACT PROPERTIES OF SMA WELDS 
DEPOSITED IN HY-L0 STEZL WITH B-9028 and £11018 
ELYCTRODES (13) 
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Yeild Strength Tensile Elongation 
specimen Eleetrode G,2% Offset, Strength, in 2 inches, 
Typela) Type . kei ksi % 





J £9018 81.5 91.1 26 
i B-9018 91.7 100.8 19.7 
r E-LLOLE 108,5 113.0 22 
Y B-11018 105.0 117.0 25 
7 H-1L018 gg?) 112.0 21 


(a) Joint Typo - T transverse butt-welded plate 
W all weld-enmetal specimen 


Pd 


(bo) Fractured in base netal 


TABLE B-3: MECHANICAL PROPERTIES OF SMA WELDS DEPOSITED IN HY-80 
STELL WITH E-9018 AND E-11018 KLECTROD.cS (13) 
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WELDING REQUIREMENTS 


The SHA fusion welding of HY-S0 steel requires strict adherance 
to the requirements fer a minimum preheat and interpass temperature 
and a maximum preneat and interpass temperature, as outlined in 


Table Bel, 


The required prencat and interpass temperature may be obtxined by 
the application of any of the following techniques, either singularly 
or in combinations 

lL. Resistance heaters 


Radiant ard/cr infro-red heaters 


t\) 


. Bleetrical induction 


Soft-gas torch (gas-air} 


i 


» Oxy-fuel torch 


Application of the heat necessary to maintain the xsequired 

preheat temperature must also be accomplished in a specified manner, 

A prine requirement is that the heat applied to be of the uniforn, 
soaking type, thereby assuring that the entire welding area is brought 
up to the required minimum temporature while at the same time assuring 
Phat! the specified maximum temperature is not exceeded at any local 
area, Once the mininum preheat temperature is established prior to 
the commencenent of welding, it should be continuously maintaincd 


“until the completion of the welding, Cyclic heating and the occurrence 
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Mininua Preheat Maxinun Preheat 
and Interpass and Interpass 
Thickness Temperature Temperature 
> : apy an G 
1-1/8 inch end over 200° 5 300°F 
over 1/2 inch but less " S 
than 1-1/8 inch 125 f 300°F 
’ © - . © 
1/2 inch or less 60°F 300° F 


TABLE Bats MINIMUM AND MAXIMUM PREHEAT AND INTERPASS TENPERATURE 
FOR WELDING HY~80 STESL (12) 
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of temperature differentials of more than .100°R along the area to be 


woided are to be aveided, 


Should the actuai preheat temperature dreap a5°R or more below 
the minimum specified, ail partially completed welds are to be 
subjected to a magnetic particle inspection or liquid dye penetrant 
inspection where applicable. If the completed welds are found to be 
sound, the entire welding area is to be returned to the mininun 


preheat temperature prior to the resumption of welding. 


The necessary control of the interpess temperature is to be 
accomplished by the proper distribution of welders and/or by the use 


< Cees sind n ee ee " 
of Dropper WeiGding® sequences, 
E. Oo 


Preheat and interpass temperatures are to te checked prior to 
the commencement of welding and periodically during the welding 
operation to incure that both are in compliance with the set 
requirements, The preheat temperature is to be measured on the 
mirface of the material being welded on the side on which welding is 
to be performed and within 3” of the area to be welded. The interpess 
tenperature is to be measured on the surface of the material to be 
welded on the side on which welding is to be performed and within 1" 
of the weld joint edge ami along the joint within 3" of the start of 


the next weld pass, 
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The electrodes used for the welding of HY-80 steel are to be 
conditioned and maintained for issue and use by baking to be followed 


by storing in holding ovens. 


Tne conditioning by baking is to take place at a temperature of 
g00°r t 25°R for @ total time at temperature of between 30 minutes 
and one (1) hour, The oven temperature is not to be in excess of 
300°R wnen the electrodes ere placed in the oven for conditioning 
and the oven temperature is not tc be allowed to rise more than 300°R 


Q, 
per hour once the oven temperature exceeds 500°F, 


Once the electrodes have been conditioned by baking, they are to 
bea transferred to hceiding ovens while still hot, The transfer to tc 
be acconplished in a sheltered area protected from inclement weather 
and in such @ Kay as to prevent the tonpereture of the electrodes fron 
dropping below 150°R, The holding oven temperature is to bo in the 


range of 225°R to 300°R, 


Poricdic moisture determinations are to be performed after the 
conditioning baking of the electrodes and upon their removal fron the 
holding ovens and prior to their use, Tho mximum permissable 


moisture content of the electrode is 0,290 percent, 


During the SKA fusicn welding process, the heat input to the 


-HY-80 steel from the wolding arc must also be controlled to within a 
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maximum limit, aes determined from the formulas 


: , . Are Voltage x Helding Amperes x 60 
Heat Input (Joules/Inch) _ Rate of Travel (Inches per Minute) 


Table B=5 gives the maximum values of heat input ellowed, 


The heat input to the HY-80 steel can be controlled through the 
control of any of the three variables: 

l. Arce Voltzge 

2. Welding Amperes 


3. Rate of Travel 


Another means of controliing the heat input is through the 
control of the weld metal bead length per electreds, The mininum 
alicvable weld metal bead lensth per clectrode for the SMA fusion 


welding of HY-80 steel is given in Table 5-6, 


WELDING THCHNIQUE 

At the start of the arc, the molten weld metal puddle does not 
have the full protection of the covered clectrode flux coating and 
Pe tis Oe the weld metal can result, To avoid this occurrence, the 
arc shculd be struck approximately one inch ahead of the desired 
starting spot and then rapidly back-stapped, This technique will 
result in the weld metal deposited at the start of the arc to be 


reneltecd as the welding progresses and thus be cleansed of any gases 








Thickness 


less than 1/2 inch 


1/2 inch and greater 


ET at et 


Maximum Joules/Inch 


55, 000 


TABLE Be5t: MAXIMUM HEAT INPUT FOR WELDING HY-80 spre (22) 





Lag 


Minimum Bead Lensth 


Thickness ‘Electrods | per Electrode 
(Inches } Size (12 inch Burnoff) 
Less than 1/2 inch 1/8 in. ee ain, 
Seen. 5-3/8 in. 
3/15 in, 8 in, 
1/2 inch and greater W/O ge 2-3/8 inn 
5/32 in. 4.3/8 in, 
3/16 in, 6-1/4 in, 
7/32 in. 11-3/8 in, 


TABLE B-6: MINIMUM ELECTRODES BEAD LENGTH FOR WELDING HY-80 
STEEL (12) 
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Proper 
Tenper 





Improper Temper Boad 


A, Base metal with Brinel] Hardness of 216, 


B,. HAZ of region with proper temper-bead technique and Brinell 


Haxydness of 245, 


C, HAZ of region with inproper temper-bead teehniguse and Drinell 


Hardness of 332, 


FIGURE B-3:2: TEMPER-BEAD TECHNIQUE FOR WELDING HY~80 srt (t2) 





Baa: 


or impurities, 


During the welding process a drag technique should be used to 
insure that the arc length is kept as short as possibie, Lengthening 


of the welding are may result in weld metal proosity,. 


The stringer-bead technique, and not the weave technique, of 
weld metal deposit showld be used, This technique will result in 
the most effielent weld progression and thus incure that the maxinur 


Limit of heat input and mininum limit of bead length are not violated. 


The temperebead technique should be used in the placing of the 
finish bead. Tris technique will result in a tempering of the heat 
affected sone and thus reduce the brittie condition and the tendency 


for cracking. 


The overlap of the fencer tent must be carefully controlled in 
order to achieve the desired results, An insufficient overlap of. 
Rema Aper-bead will result in an ineffective temper of the heat 
affected zone, while an excessive overlap of the tenper-bead will 
result in the ercation of a nev heat afrected zone, The proper 
overlap of the tempor-bead for an effective temper of the heat 
affected zone required 3/32 inch to 1/8 inch ef the outside bead to 
be exposed between the temper-bead and the heat affocted zone, 
Figure B-3 shows both the proper and improper placemont of the 


temper-bead and the results of each, 
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UNDERWATER WELDING PROCEDURE??? 
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FILLET WELDING IN THE HORIZONTAL POSITION 


The following is the recommended procedure for fillet welding 


in the horizontal positions 


i. 
Le 


3 


De 


Make sure the safety switen is open, 

Thoroughhy clean the surfaces to be welded. 

Set the welding eenerator to deliver the proper current 
for the electrode being used, This current is higher 

(0 ~ 30 percent) than the topside current for the same 
electrode since the surrounding water ebserbs the heat 
rapidiy. | 

Pleca the striking end of the electrode esainst the work 
Ss tnat the electrede is at an angie of ap roxinately 

30 degrees to the line of weld. This angle may vary fron 
15 degrees to 45 degrees, depending on the type of electrode 
used and the pexsonal preferences of the diver. 

Cail for “current on". The arc should start when the 
tender closes the safety switch, If the are does not 
start, tap or scrape the end of the electrode against the 
work until the arc starts, Once the arc has started, exert 
sufficient pressure against the work to allow the clectrode 
to consume itself, Maintain the original angle between 

the electrode and line of weld by moving tne hand 
perpormlicularly toward the surface being welded as shown 


in Figure C-l. Do not hold an arc as in topside welding, 





tS 


=e 





(b) 


Angle A = 30° & 35° 


a, Position the electrode at an angle of aporoximately 30 degrees 
te the Line of weld with the electrede tip in contact with the 


works, 


b, Call for current "on", Withdraw electrode momentarily, if 


“necessary, to start the arc, 
c, Apply sufficient pressure in the direction of the arrow to allow 


the electrode to consume itself, 


FIGURE Cola SELF-~CONSUMING TECHNIQUE FOR UNDERWATER SHTELDED 
METAL-ANC WELDING OF HORIZONTAL FILLET WELDS 





simply keep the electrede in contsct with the work, 
waintainings the original angle between the work and the 
Glectrode. Run straight beads, do not weave. About 8 
inches of veld netal is deposited for one £90 Snchéd of 
electrode consumed, This method is a definite advantage 
especially where poor visibility would make it difficult 
%Oo hold @n arc in the usual topside manner, 

When the electrode is consumed cail for “current off", 

The tender must open the safety switch and keep it open 
while the Giver is changing electrades, Keep the electrode 
in welding position after completing the weld until 
verification of “current off" is received from the tender, 
Before starting to deposit a new eleetrode, clean the end 
of the previous deposit, Tne deposit from the new electrode 
should slightly overlap the previous depesit, If a second 
pass is to be added, the entire previously deposited weld 
must be thoroughly Blea neds 

De not call for “current on" until the new electrode is in 
position egainst the work and ready for welding, In 
general, weld so that the bubbles generated interfere with 
the visibiiity as little as possible, For example, it is 
usually better for tha diver to weld toward rather than 


away fron hinself, 





FILLET WELDING IN THE VERTICAL POSITION 


The same technique should be used for fillet welding in the 
vertical position as that recommended for horizontal fillet welds, 
Vertical fillet welds should be made from the top down as shown 
nai Figure Ce2. In this way the bubbles generated do not interfere 
with the diver's visibility in following his line of weld, 
Depending on erica conditions, a slight variation of the 
electrode to work angle and the current selected for horizantal 


work may prove advantageous, 
FILLET WELDING IN THE OVERHEAD POSITION 


fne “self-consuming" technique can be applied to fillet 
welding in the overhead position (Figure C-3) when using the 
approved electrodes designated, provided the current is carefully 
adjusted, The current range for overnend welding is very narrow, 
Welds deposited using current rates outside this range will result 
in very poor deposits or no deposit at all. Good penetration and 
fusion can be obtained readily but undercutting and convex beads 


are difficult to avoid vith this technique, 


An alternate technique for overhcad welding, requiring greater 


skill, involves the use of an angle of approximately 35° ~ 55° 


between the electrode and line of weld and a slow, stondy rate 





Rising bubbles and 
products of combustion 


interfere with visibility 


Sm eR mmm em en a ERM aay pa NSS 
*e.. 
a 
- = 





FIGURE Ce2: SELF-CONSUMING TECHUIQUE FOR UNDERWATER SHIELDED 
METAL-ARC WELDING OF VERTICAL FILLET WELDS 
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Angle A = 15° to is? for self consuming technique 


35° to 55° for "35° = 55°" technique 


FIGURE C-3: TECHNIQUE FOR UNDERWATER SHIELDED METAL-ARC WELDING 
OF OVERHEAD FILLET WELDS 





of progression governed by the diver-welder, With practice, 
overhead welds employing this 35° es 55° technique can be produced 
with the convexity and undercutting which is obtained when using 


the "self-consuming" technique, 


The "self-consumning”™ technique is recommended for operators 
of averace or less than average skill who have little time for 
practice, The ice “ 5500 technique is recommended for skilled 
operators. Before attempting an actual overnead weld by either 
technique, the diver should make several practice runs under 
working conditions, These welds should te brought topside and 
examined to ascertain that the current setting is correct and that 
the diver has mastered the techniqus. Uripping beads indicate that 
(1) the current vas too high, (2) the operator applied insufficient 
pressure, or (3) that there existed a combination of both, Skill, 
coupled with practice, is essential to the production of 


consistently good overhead welds, 


a, 
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APPENDIX D 


EXPERIMENTAL UNDERWATER WELDING OF HY-80 STEEL 
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BACKGROUND 


A series of three working dives were performed at the Naval 
School ~- Diving and Salvage, ¥ashington Navy Yard, Washington, D.C., 
in accordance with United States Navy reculations governing underwater 


welding operations as outlined in Navships 0929-000-8010, 


All three cof the dives were carried out wearing a Navy Standard 
MKV haxd hat diving system, in fresh water, at a depth of twelve (12) 
feet, at a water temperature of 7°R (Geen ye in the open tanks of 


the Havel School - Diving and Salvage facility. 


Tne intent of these working dives was to extend the laboratory 
work of Neloney 22? to a practical application that simulated the 
repaix of a crack in the umierwater body of a vessel, as is described 
in Navships 0929-C00-8010, This provided an opportunity to perform 
the underwater welding of HY-SO steel in the verticle and overhead 
2s well as downhand position ami to evaluate the effect of bubble 


generation, turbidity, visibility, and limited mobility on the 


working diver's ability to produce the desired welds, 
EQUIPSONT 


All of the equipment used for the three working dives was in 


-accordance with the specifications of Navships 0929-000-8010. 





Power supply, <A direct-current welding generator with an 
ampere cavacity range of from 120 amperes to 750 amveres was used, 
The welding generator was connected for direct-current straight 


polarity operation as is snown in the schematic diagram in Figure Del, 


Safety switch. A positive-acting disconnecting safety switch 
was installed in the laine electrical circuit as is shown in the 
schematic diagram in Figure Del, This safety switch was ef the type 
that is currently supplied for undervater welding and cutting 
operations and is specified as follows: 

Knife Switch 

Type K, iInfusible 

Single Pole, Single Throw 


300 Ampsres, 250 Volts 


This safety switch was kept open at all times, except when the 
diver had the electrode in position for welding and had directed the 
diving tender to close the safety switch. This afforded the diver the 
maximum protection possible by having the electric current on only 


vhen the weiding operation was actually taking place, 


Cable, Size 2/0 (133,000 circular mils) extra flexible welding 
cable conforning to Military Specification MIL-C-915, Type TRXF was 
used for connecting the power supply to the safety switch and the 


safety switch to the leader attached to the electrode holder. The 





oy 












NELDING 
GENERATOR 


WATER 
LEVEL 






FO GROUND CLANP 


TO ELECTRODE HOLDER 


FIGURE Dl: SCHEMATIC DIAGRAM OF THE UNDERWATER WELDING EQUIPHENT 
ARRANGEMENT FOR THE DIRECT-CUdRENT STRAIGHT POLARITY 
UNDERWATER WELDING OF HY-80 STEEL 
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leader attached to the electrede holder was a size 1/0 (105,000 
circular mils) extra flexible welding cable conforming to Military 
specification MNIL-C-915, Type TRAF, and was ten feet in length. 
This leader vas used to aid the diver in maneuvering the electrods 


holder, 


Electrode holder, The electrode holder used was & reconmended 
underwater electrede holder cenforming to Nilitary Specification 
MIL-H-865, Type KIL-300, Class 1, Buships Dwg. No, S-9400-921592. 

This electrode holder was completely insulated amd provided protection 


for the diver from the tare grip end of the electrede, 


Accessories, A supplementary welding lens face plate incorporating 
a spring-loaded, fluted washer, face-plate positioning device which 
fitted the MKV diving helmet and held @ No, 6 welding glass conforming 
to Buships Dug, No, S9400-921592, was used. This assembly provided 
the maxinum protection possible to the divers eyes from the flash of 


the welding arc, 


The additional accessory meterials that were used consisted of 
a grounding clamp and a wire brush amd scraper for cleaning the base 


metal and renoving slag from the weld metal, 
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MATERIALS 


The censumable materiazis required for the underwater SHA fusion 
welding consisted of 1/8 in, E-11018 iron powder electrodes, paraffin 
wax waterproofing mterisl, and 1/4 inch HY-80 steel plate conforming 


to Military Specification MNIL-~5~26216, 
PREPARATION 


The welding parameters for the underwater welding of 1/4 inch 
HY-80 steel plate, experinentally deren ned by veloney*@2? and. 
shown in Table Del, were used as a tsasis for determining the proper 
welding gensretor settings, Arter producing 4 series of practice 
welds at different settings, it was found that the particular welding 
generator being used and the working conditions yeilded the best 
welds with a setting of 190 anperes/32 volis for the doxrnhand position 
and a setting ef 120 anperes/32 volts for the vertical and overhead 


positions, 


The flux of the E-11018 iron powder covered electrodes was 
inpregnated with the perafin wax by Peoeine 2 block of the water-~ 
one material over the flux coating, After the flux was thoroughly 
impregnated, the bare-grip end of each electrode was thoroughly 
Cleaned to insure good electrical contact between the electrode 


‘and the electrode holder. The tip of each electrode was also 


—- 





140 





E-L1018 Low Kydrosen Covered Electrode 


Welding Faraneter 


Current 160-230 Anpere 

Voltage 28-36 Volts 

Travel Spsed 9,8-12.1 Inches/Ninute 
Heat Input 32,130-35,020 Joules/Inch 
Ambient Temperature 43,6°R | 





TABLE D-l2 EXPERIMCNTALLY DETERMINED WELDING PARAMETERS FOR THE 
UNDERWAT.R WELDING OF HY-80 STLEL (22) 





thoroughly cleaned to insure exposure of the bare core for easy 


starting of the welding arc, 


HY-80 steel plate, 4 /u inch thick, was cut into pieces 8 inches 
by & inches to serve as the underwater body in need of repair, and 
pieces 4 inches by 3 inches te serve as the doubler plate for the 
repair, All ef the cuts were mde by a power hackesaw so that all 


of the cuts would yeild finished edges, 


Tne mill scale was left en the surface of the HY-80 steel plates, 
Tnis was Gone to simulate the paint, rust, end other impurities that 
would exist on the underwater bedy in need of repair and could not 
be removed with the hand tools readily available to the diver under 


working conditiecns, 
TECHNIQUE 


The nulti-pass, “self<-consuming” stringer-bead technigue was 
used for the dowhand, vertical, and overhead undervater welding of 
the HY-80 steel plate, This decision was nade after considering both 


the advantages and disadvantages of the single-pass and multi-pass 


methods, 


Neloney (22) found that when the single-pass nethed was utilised, 


the grain size of the heat affected zone was Sraller than the grain 





L4+2 


Size of both the base metal and the weld metal, The weld netal was 
also found to contain iarge dentritic grains with heavy gxain 
boundaries, severe porosity,.and micrecracks, On the other hand, 
Meloney (22? Found that when the multi-pass method was utilized, 
although tne grain size of the heat affected sone was essentially 
the same as when the single-pass method was utiiiged, there was a 
reduction in the nernese of the heat affected zene due to the 
tempering affect of the subsequent passes. The weld metal was also 
found to have no dentritic grains, except in the final pass which 
hed fewer heavy grain boundaries, less porosity, and less micro- 


cracking, 


Tne adverse effects of undercut, an unavoidable phenomena of 
undervater welding, was minimized by utilizing the multi-pass methed. 
This method enabled the diver to "push" the undercut region away 


fron the critical region of the joint and out into the base metal, 
. The fillet lap joint of the doubler plate configuration was 
conducive to the use of the multi-pass method, The groove created 
by the edge of the doubler plate and the surface of the underwater 
body plate provided a guide for the positioning of the electrode, 


PROCEDURE: 


The actual procedure followed in the underwater welding of thea 
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HY¥=-80 steel doubler plates was in accordance with Navship 0929~000- 


8010, as is described in Appendix CG, 


The welding sequence followed in utilising the multi-pass, 


*self-consuming”, stringer-tsad technigue is shorn in Figure Dee, 
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FIGURE D-2s WELDING SEQUENCE FOLLOWED FOR THE UNDERWATER WELDING OF 
1/4 INCH HY-80 STEEL DOUBLER PLATES 
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